Chapter 4. Material Properties
B. Stark

MEMS are condructed out of a multitude of materids, each of which has unique
reigbility implications. Different materias have different responses to failure mechanisms that
need to be understood to better device reliability. To help clarify the purposes of the myriad of
MEMS materids, this chapter offers a brief overview of the materids used in MEMS and
provides aligting of their properties.

One of the great debates within the MEMS community has focused upon whether to
use the thin film or the bulk properties of maerids in peforming gructurd andyss. The
problem with tresting many of these materids as bulk materiasis that, when samples become as
amdl asthey do in MEMS, crystd defects are no longer smdl in comparison to the size of the
sructure being analyzed. While most testing is performed on macroscopic samples, these
properties probably do not scale well enough to be used for MEMS, but are often employed
anyway for lack of better numbers. For ultimate religbility statistics to be determined, the actua
properties of a given materid made on a given process line will have to be characterized.
Lacking this, approximations can be made with the avallable data. This chapter offers the
common bulk materids properties that are generdly accepted. For thin films the gpplicability of
these propertiesis still somewnhat in doulbt.

l. Single Crystal Silicon

Silicon is the most common materid used in semiconductor devices. In crysdline form,
dlicondignsin adiamond structure, which conssts of a face-centered cubic lattice with a basis
of two atoms, as shown in Figure 4-1. The atomic Structure of Slicon determines many of its
physica properties, which arelisted in Table 4-1.
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Property Value

Crysta structure Diamond
L attice constant 543 A
Atoms/cn?® 50" 10%
Density 2.32 glent
Mélting point 1412 °C
Specific Heat 7 Jg-°C
Y oung's modulus <100> 130 GPa
Stiffness Congants:
Eu 165.6 GPa
Ew 63.98 GPa
Eu 79.51 GPa
Poisson’ s ration <100> orientation 0.28
Tendle srength 3790 MPa
Fracture toughness .9 MPam®.5
Therma conductivity 1.5W/cm-°C
Coefficient of therma expangon 42x10°°C?
Heat Capacity 20.07 (Jmol-K)
Breaskdown Fidd ~3x 10° V/cm
Piezoresdtive coefficients
ntype pu 6.6° 10 Pa*
P12 -1.1" 10" Pa’
Pas 138" 10-'* Pa*
p-type pu -102" 10 Pa’*
P 53.4 10% Pat
Pas -13.6" 10 Pa*
DC didlectric constant 11.7
High frequency dielectric constant 11.7
Residivity 2.3x 10° W-cm
Energy Gap 1.12 eV
Electron mobility 1500 cn?/V-s
Hole mobility 450 cn/V-s
Index of Refraction 3.42

Table4-1: Room-temperature propertiesof singlecrystal silicon.[6,17]




As its aomic amilarities to diamond might imply, Sngle crystd slicon is a very hard
substance. It exceeds the mechanical strength of sted, but is decidedly more brittle. 1ts strength
makes glicon ided for many MEMS dructures, as it has the highest fracture strength of any
materiad commonly used in MEMS. Due to well controlled processes that yield high purity
crysdline structures, slicon has the dedrable qudity that its mechanical properties are very
reproducible[6] For these reasons, slicon is often used for high-quality microstructures.

Figure4-1: Crystal structureof silicon. (from [96])

The science of dlicon growth has developed extensvely over the past few years.
Silicon wafers are now produced with disocation densities on the order of .1 disocationg/cnt,
which helps to explain the high fracture strength of the materid. These wafers dso have
impurity densities less than .03 particles/ont.

In a diamond cubic latice, like that of slicon, fracture will normaly occur adong the
{111} planes. Thisis due to the fact that these planes have the lowest surface energy to resst
crack propagation. Although fracture dong the other crysta planes is certainly possible, it
generdly will not occur without the aid of adidocation to lower its strength.[47]

As technology progresses, the fact that silicon does not have the superior dectricd and
optical properties of other materias has been a minor drawback. Silicon has a lower dectron
mobility than some other common semiconductor materials, which impedes high frequency
operation. While thisis a concern for digitd desgners, it is of little import to MEMS designers,
as there are relatively few agpplications that need mechanica structures to run at the frequency
limits of slicon. On the other hand, the eectrica properties of slicon have the advantage that
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they are sengitive to Stress, temperature, magnetic fields, and radiation, which is a characteristic
that has been taken advantage of in anumber of solid-state sensors.
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Figure4-2: Energy band structuresof S and GaAs.

Anissue of greet importance in sliconisits energy band structure. In the firgt haf of the
twentieth century, scientists researching quantum mechanics discovered that ectrons in solids
can only have discrete energy levels. These energies are separated into distinct bands. At the
lowest potentid, al dectrons in a solid occupy the vaence band, which corresponds to the
vaence orbits in the aloms. After some energy, often in the form of light or heat, has been
added to the solid, dectrons will trangtion into the conduction band. The distance between
these two energy levels, cdled the bandgap, determines the fundamenta eectrica properties of
amaerid. Ininsulators, such as glass and rubber, the bandgap will be on the order of severd
eectron-volts. Conversdly, in good conductors, such as most metals, the bandgap will be less
than an eectron-volt. Semiconductors occupy the region in between these two areas, with a
medium sized bandgap. As such, intringic silicon has a moderate resigtivity of 2 10° W-cm.

While the bandgap determines the dectricd properties of a device, it dso affects the
optical properties. The energy level of the vaence and conduction bands varies within a
semiconductor materid.  The bandgep is cdculated by subtracting the minimum of the
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conduction band from the maximum of the vaence band. In some materids, such as GaAs,
these two points line up. Materids in which this occurs are cdled direct bandgap
semiconductors and have the property that eectrons only need to change energy levelsto switch
band levels, which causes a photon to be emitted when an dectron drops from the conduction
to the vaence band. Materids, like slicon, where this does not occur, are called indirect
bandgap semiconductors.  Electrons in indirect bandgap semiconductors need to change both
momentum and energy to switch band levels, as shown in Figure 4-2.

Thus, intringc slicon, as an indirect band-gap materia, cannot be used in the production
of semiconductor lasers and light emitting diodes.  This limitation in slicon has led to research
into whole new classes of semiconductor materids that are cgpable of emitting light.

. Polycrystalline Silicon

In gpplications involving surface micromachining, thin films of slicon are needed as a
dructurd materid. Since it is difficult to grow thin films of single crystd glicon, thin films of
polycrystdline dlicon are grown ingead.[6] These materids are now finding extensve usein the
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Figure4-3: Residual stressasa function of deposition conditions. (from [104])
MEMS indugtry.

The mechanica properties of polysilicon films depends greatly upon the process used in
depogition. The residud stress can be controlled dmost entirely by varying deposition pressure
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and temperature, as shown in Figure 4-3. It has adso been discovered that there is a direct link
between the presence of <110> oriented grains and residua stressin films, athough the reasons
for thisare not entirely clear.[45]

The drength of polycrystdline sliconisless well understood. Different researchers have
reported a Y oung's modulus ranging between 140 to 210 GPa,[130] with these values having a
dependence on crysta structure and orientation.  Recent research has shown that the Young's
modulus of polycrygdline films is highly dependent upon depostion conditions. The films
exhibit preferentid grain orientations that vary with temperature. Since an ided film does not
exhibit orientation dependence for its mechanica properties, researchers have found that
depositing films at 590 °C, which is the trangition point between polycrystaline and amorphous
slicon, is an effective method of producing an isotropic film of polyslicon. At this temperature,
the amorphous slicon will recrystdize during anneding, which produces films with a nearly
uniform Y oung's modulus of 165 GPa

In polycrystdline materids, the fracture strength is dependent upon two factors, the
gran sze, d, and the fracture surface energy, @. This sems from the fact that the sze of a
didocation is usudly governed by the grain size, which, by Griffith’'s equation, shows that the
fracture strength of this materid is[103,119]

4E
S = i (4_1)
\} pd

As shown by the equation, the fracture strength is also dependent upon the fracture
surface energy, g. For smadl grained polycrystds, the energy needed to fracture a grain surface
increases with grain Sze[44] As aresult, larger grains will be stronger due to the increased
energy needed to propagate a crack across the material.

In severd dudies, the mean fracture strength of polyslicon has been found to be
between 2 to 3 GPa, which is dearly less than that of single crystd slicon Polyslicon fracture
samples have been reported to have a Weibull modulus smilar to that of sngle crysd Slicon,
which would indicate asmilar rdiability of the two materias[40,44,103]



1. Silicon Dioxide

Silicon dioxide is commonly used as an insulator in integrated circuits.  In MEMS it is
used to dectricdly isolate components and has been used in some recent applications as a
sructurd materid.[7] Its basic properties are listed for reference in Table 4-2.

Property Value

Density 2.65 glen?

Mdting point 1728 °C

Y oung's modulus 66 GPa

Tengle srength 69 MPa

Thermal conductivity 1.4 x10% W/°C-cm
Thermd coefficient of expanson 7x10°°C*
Didectric constant 3.78

Residivity 10" W-em

Energy gap 8eVv

Index of refraction 1.46

Table4-2: Room temperature properties of silicon dioxide.[85]

In the crystdline form of Quartz, slicon dioxide exigs in the trigona trapezohedra class
of the rhombohedrad system. This class has one axis of three fold symmetry and three polar axes
of two-fold symmetry. Quartz, due to its high piezodectric coupling, is occasondly used in
MEMS. However, as a result of its high anisotropy, quartz is more difficult to etch than
slicon.[124,125]

Silicon dioxide is a common component of glasses and is, as such, a very weak and
brittle materid. Thin films of oxide have a compressive interna stress on the order of 1 GPa.
Despite this, due to the fact that sllicon dioxide isless diff than other thin film materids and thet it
has unique eectrica properties, it is occasondly used as a mechanica materid in high sengtivity
gpplications. Slicon dioxide, with its low therma conductivity, is a naturd thermd insulator, a
property which has been exploited for the production of integrated therma detectors. With a
low tensle strength, silicon dioxide is susceptible to mechanicd fracturing.

One mgor feature of slicon dioxide is its properties as an insulator. With a bandgap of
8 eV, dlicon dioxide can effectively separate different layers of conductors with little dectrica
interference.  Due to the inherent advantages in being able to integrate such an effective
insulator, slicon dioxide has helped to make dlicon the semiconductor materid of choice for
most gpplications.
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V. Slicon Carbide

In recent years there has been a growing interest in the use of slicon carbide as a
materid for MEMS. SIC has many properties that make it well suited for MEMS gpplications,
athough the SC wafer growth technology has not matured enough to make it a common
MEMS materid. Polycrystdline slicon carbide exigts in about 180 different polytypes, with the
four dominant structures listed in Table 4-3.

M odification Polytype

a-SC 6H

(High-temperature modification) 15R
4H

b-SC

(Low-temperature modificetion) 3C

Table4-3: Dominant SIC types.[112]

Due to the fact that SC exigts in its beta form a temperatures below 2000 °C, this is
cdled its low-temperature modification. Above this temperature, only hexagond and
rhombohedrd polytypes are sable.

The properties of SIC are highly dependent upon the processing conditions and can vary
quite dramaticaly. These properties are listed for afew different SC preparation techniques.

SC Density Young's Thermal Thermal Flexural
content ' (g/cm®) modulus  expansion  conductivity = strength

(GPa) coefficient (W /m-K) (MPa)

(106 OC—l)
Ceramic up to| 255 100 5.8 16 30
bonded 95%
Recryddlized | 100% | 2.55 240 5.0 28 100
Sintered 95% 2.55 410 4.9 50 450
Hot-pressed 98% 2.55 450 4.5 55 650

Table4-4: Room temperature propertiesof SIC.[112]

While not dl of these methods are compatible with wafer growth, it should be apparent
that the properties of SC can vary sgnificantly depending upon processing.

Silicon carbide is used for its extreme hardness and high temperature resisance. SC
does not have a defined meting point, instead it has a breakdown point of 2830 °C. At this
temperature, SIC decomposes into graphite and a silicon rich-melt. Many SIC structures are less
eadtic than dlicon, which is useful in certain MEM S gpplications. SC aso has a Poisson' s ratio
that varies between .183 and .192. The main drawback to SIC in MEMS has been that the
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technology used to grow SC wafers dill results in high didocation dengties. This lowers the
drength of SC, which prohibits its use in many gpplications. For dlicon carbide to find
widespread use, the techniques used to manufacture it must continue to mature[112,113]

Silicon carbide, with a band-ggp around 3eV, is a wide-bandgap semiconductor
materid. While the exact width of the bandgap depends on the polytype, SC is a better naturd
insulator that Si or GaAs. Intrinsic SIC has a resistivity of 10° W-cm, athough doping can vary
this value from .1 to 10" W-cm. Silicon carbide also oxidizes readily above 600 °C to form
slicon dioxide by the reaction:[112]

SC+20,® 90, +CO, (4-2)

V. Silicon Nitride

Slicon nitride is a materid that is employed in a variety of goplications. Since it does
not react well with many etching solutions, slicon nitride is often used to prevent impurity
diffuson and ionic contamination. Its basic properties are listed in Table 4-5.

Property Value!
Density 3.1 glem®
Mdlting point 1900°C

Y oung' s Modulus 73 GPa
Fracture strength 460 MPa
Coefficient of therma expansion 3 10°°C?
Therma conductivity 0.28W /cm-°C
Resigtivity 10"W-cm
Didectric constant 9.4
Breakdown fidd 1" 10" V/cm
Index of refraction 2.1

Band gap 3.9-41eV

Table4-5: Room temperature propertiesof silicon nitride.[18]

The dlicon nitride films used in most MEMS devices are amorphous and are usudly
elther sputtered or deposited by CVD. These films are made with the following reaction, which
occurs between 300-500 mT and 700-900°C.

! Varies with processing conditions.
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39H,Cl,(g) +4NH,(g) % %® S,N,(s)+6HCI(g) + 6H,(Qg) 43

Stoichometric nitride films have tensile stresses on the order of 1-2 GPa, which causes
large warping. To maintain the structura integrity of the films, they are usudly only grown afew
hundred nanometers thick. To avoid this limitation, slicon-rich nitride films are often used. A
common film of S oN;.; has been developed that has a Y oung’'s modulus on the order of 260-
330 GPa, a Poisson’sratio of 0.25, and a fracture strain on the order of 3%.[45]

The gress of slicon nitride films can be controlled smply by adjusting the deposition
temperature and the ratio of dichlorislane to anmonia. As shown in Figure 4-4, nearly zero
dress films are grown with aratio of 4:1 a atemperature of 835 °C.
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Figure4-4: Residual stressin silicon nitride filmsasa function of processing conditions. (from
[105])

Silicon nitride has many mechanica properties that make it a desirable materia to work
with. It isabetter therma insulator than polysilicon, which can be important for isolating surface
micromachined sructures. Also, its high mechanica strength makes it an ided film for friction
and dust barriers.

One of the unfortunate properties of slicon nitride isthat it is not as good an insulator as
dlicon dioxide. With a bandgap 40% smdler than SO's, the eectricd isolation provided by
slicon nitride is sgnificantly less than that of dlicon dioxide. Furthermore, StN,4 forms a low
energy barrier towards slicon and metds, which fadilitates the injection of holes into the
dielectric at eectric filds greater than 2 10° VV/em. This results in a hysteresis appearing in the
capacitance-voltage curve of metd-insulator-semiconductor structures after the voltage has
been swept to large vaues. Due to these concerns, some designers like to form most of an
insulator with SO, and then sedl its surface with SsN4.[18]
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VI. Gallium Arsenide

Figure4-5: Crystallinegallium arsenide. (from[17])

Gdlium arsenide is the second most common semiconductor materid. It has some
unique properties that make it ided for use in applications that slicon is ill-suited for. Initidly
finding a niche in the Monalithic Microwave Integrated Circuit market, galium arsenide, due to
its optica properties, has recently been used in the production of opticdl MEMS, or OMEMS.

Gdlium arsenide forms a face centered cubic lattice with a bass of one gdlium and one
arsenic aom in what is called a zincblende Structure, as shown in Figure 4-5. The basic materid
properties of gdlium arsenide are listed in Table 4-6.
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Property Value

Crysta structure Zinchlende
L attice constant 5.65 A
Atoms/cn?® 4.42 x 10%
Density 5.32 g/ent
Mélting point 1237 °C
Specific heat 35Jg-°C
Y oung's modulus <100> orientation 85.5 GPa
Stiffness congants:

Eu 118.8 GPa

Ew 53.8 GPa

= 58.9 GPa
Poisson’sratio <100> orientation 0.31
Fracture toughness 44 MPam™.5
Thermd conductivity 46 W/cm-°C
Coefficient of thermal expansion 6.86 x 10°°C™
Heat capacity 47.02 Jmol-K
Breskdown Field ~4 x 10° V/em
DC didlectric constant 13.18
High frequency dielectric constant 10.89
Residivity 10® W-cm
Energy Gap 1.424 eV
Electron mobility 8500 cré/V-s
Hole mobility 400 cnf/V-s
Index of Refraction 3.66

Table4-6: Room temperature propertiesof gallium arsenide.[6,17]




AlGaAs has as0 become an integrd part of GaAs processing. New technologies have
darted to use this ternary compound in GaAs based MEMS systems. AlGaAs is an attractive
compound because it exhibits many properties that complement GaAs.

Crystd structure Zincblende
L attice congtant 5.66 A
Atomg/en? 4.42 x 107
Density 3.76 g/ent
Mdting point 1467 °C
Specific heat A48 Jg-°C
Stiffness congants:
En 120.2 GPa
En 57.0 GPa
Ex 58.9 GPa
Fracture toughness 1.7 MPam®
Hardness 5 GPa
Therma expansion coefficient 5.2¢10°°C™
Therma conductivity 9 W/cm-°C
DC didectric congtant 10.06
High frequency didectric constant 8.16
Energy Gap 2.168 eV (indirect)

Table4-7: Room temperaturepropertiesof AIAs[17]

Gdlium asenide is not used in the semiconductor indudry for its mechanicd
characterigics While sharing many of the same mechanicd properties of dlicon,[6] it is
sgnificantly wesker, with its Young's modulus only 54% that of slicon. It, like slicon, is dso
very brittle and thus offers no advantages in terms of mechanica performance.

GaAs contains more crystal defects than high qudity dlicon and, of these, arsenic
precipitates are of paramount importance in determining fracture strength. For a normd
digtribution of arsenic precipitates in a large sample, such as a wafer, there will dways be a
least one defect large enough to cause smdl load fracturing. However, for smdl samples of
materids, it is quite common to have limited defect size, which dlow the manufacture of high
stress structures out of macroscopicaly low stress materids[17]

Due to the fact that GaAs is not an dementa Structure, it exhibits some mechanica
properties that would not be expected from other materials. 1n GaAs, the eectron cloud tends
to shift towards the arsenide atoms, which creates a dipole moment aong the [111] axis. This
causes the eight {111} surfaces to have differing concentrations of Ga and As aloms. As a
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result, the {111} planes are much tougher than expected. This toughening causes the {110}
planesto be the primary fracture points[17]

Gdlium arsenide dso has a thermd conductivity thet is less than one-third that of slicon
and one-tenth that of copper, which makes it a poor conductor. The consequence of this poor
conductivity is that the packing densty of GaAs devices is limited by the thermd resistance of
the substrate.  Another therma concern is the fact that brittle materids becomes ductile a
around 35% of the mdlting point. Corresponding to 250 °C in GaAs, this marked drop in
hardness and increase in fatigue could present serious problems for high temperature device
operation.

Gdlium arsenide finds mogt of its gpplications due to its superior optical and eectrica
properties. Asshown in Tables 4-1 and 4-6, GaAs has close to sx times the eectron mobility
of dlicon Electron mobility, which describes how strongly an eectron is influenced by an
eectric fidd, is derived from the laws of basic physics and isrelated to Equation 4-4-

_ o,

Vy =-

0
¢ il (4-4)
where:

Vg = drift velocity

g =dectroncharge

t. = mean freetimes between collisons

m* = effective eectron mass

E =dectricfidd

In Equation 4-4, the bracketed proportiondity constant is caled the eectron mobility.
Asthe equation clearly indicates, ectron mobility is directly proportionate to the mean free time
between callisons, t.. This number isin turn a function of the laitice and impurity scattering of
electrons. The lattice scattering is a result of thermd vibration and increases with temperature
until it becomes the dominant factor, as impurity scaitering is a congtant function of doping
levels. Thus, the dectron mobility is a function of temperature, which changes based on the
intengty of device operation. Asaresult of this, the éectron mobility of GaAsis not ways Six
timesthat of slicon, asit may often only be double that of dlicon.[1]

With the eectron mobility determining maximum operating frequency and with GaAs
aways having a greater dectron mobility than slicon, GaAs can operate at higher frequencies
than dlicon, which has made it an ided maerid for many communications applications.
However, for MEMS, these factors are limited in their import. While some high frequency
GaAs systems are attempting to integrate MEMS components, most GaAs MEMSS devices will
operate at sgnificantly lower frequencies due to the mechanicd limitations of the systems.
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Gdlium arsenide dso has alarger energy band gap than that of slicon, which means that
it is a better naturd insulator.  Through the introduction of ether oxygen or chromium to the
GaAs mdlt, it can further be turned into a semi-insulating material. This provides a subgrate that
isolates components and performs many of the same tasks, abeit not as effectively, as slicon
dioxide.

The other sgnificant advantage that GaAs has over dlicon is that it is, as discussed
previoudy, a direct band ggp semiconductor materid. This has enabled whole classes of
optomechanica devices to be developed. It is this property that alows semiconductor lasers
and LEDs to be made out of GaAs and it will undoubtedly be exploited more in the future.

While gdlium arsenide does have sgnificant advantages over silicon there are a'so some
mgor drawbacks. There are no stable insulating oxides and nitrides in GaAs technology. This
means that it is difficult to manufacture reproducible passivation layers.

VIl. Metals

Metds are used in MEMS as dectrica conductors and occasondly as structurd
materid. The metds used in MEMS are, unlike the materiads discussed previoudy, ductile.
That means tha they will plastically deform if dressed past the yied drength  Pladtic
deformation results in a non-zero strain with zero applied stress, which gppears as a shift in the
dress strain curve, as shown in Figure 4-6.

Bupture
o

Yield

Figure4-6: Stressversusstraincurvefor aductilematerial. Thereisaclearly marked yield point, after
which plastic deformation occurs. If the material isstressed past this point and then unstressed, the curve
will decrease parallel to the elastic defor mation section, asillustrated by the dotted line.
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A. Aluminum

Aluminum is commonly used in MEMS as a sputtered film placed over a processed
dructure. By covering a structure with a conductive film, equipotential surfaces are created on a
device, which are criticd to the operation of many dectrogatic device. Aluminum is o
commonly used as an eectrica conductor in semiconductor technologies.

Aluminum, like most metds, is often dloyed with other substances to improve its
sructurd properties. The dloys of duminum are numerous and are offered in great detall in
Reference [111]. Pure duminum has many properties that diginguish it from other materids
used in MEMS. Liged in Table 4-8, the properties of duminum have been both aboon and an
area of concern for researchers over the past decades.

Property Value

Density 2.71 g/nt’
Mdting Point 659°C
Specific Heat 0.90 Jg-°C

Y oung's modulus (bulk value) 70 GPa
Poisson’sratio .35

Ultimate tendle strength 110 MPa
Ultimate shear strength 70 MPa

Yidd tendle srength 100 MPa
Yield shear strength 55 MPa
Thermd conductivity 2.37 W/cm-°C
Coefficient of thermal expansion 23.6" 10°°C*
Resigtivity 2.82 10° W-cm

Table4-8: Room temperature propertiesof 99.6% purealuminum.[46,101,111]

The mechanica properties of auminum are consgderably poorer than S and GaAs.
With a'Young's modulus that is less than haf that of Slicon, it is cearly a more ductile materid.
However, since the yield strength of duminum, at 100 MPa, is a least an order of magnitude
below the fracture strength of S and GaAs, duminum is rarely used as a structurd support in
MEMS.

For a congderable amount of time, duminum was the only good conductor that could
easly be integrated into ICs. Since duminum forms AlL,Oz; bonds with SO,, it is Smple to
adhere it to passvetion layers. Thisfact lead to its widespread implementation, despite the fact
that materias existed with better eectrical properties.



B. Gold

Gaold is a subgtance tha is finding increesing use in the MEMS fidd.  While not as
common as duminum, it has many of the same features with some added advantages. Its
properties are listed below for reference.

Property Value

Dengty 19.3 g/nt’
Mdting Point 1063°C

Specific Hesat 0.13 Jg-°C

Y oung's modulus (bulk value) 75 GPa

Poisson’ s ratio 42

Ultimate tendle srength 125 MPa
Thermd conductivity 3.15 W/cm-°C
Coefficient of thermal expansion 14.2° 10°°C?
Resigivity 2.44 10° W-cm

Table4-9: Propertiesof gold[46,102,111]

Gold is not a materid known for its strong mechanicd properties. It is a soft, ductile
materid that is eadly deformed. Asaresult, it is not used as structurd materid. Indteed, it will
amost dways be layered on top of a more rigid materid or be used in applications that do not
require mechanica motion. Gold does have problems adhering to SO,, but there are some
established methods to circumvent them. One method employed is to use an intermediary layer
of chromium as an adhesve, since it forms Cr,O3; with SO, and aso strongly bonds to gold.

The main impetus for the use of gold in MEM S gpplications has been the fact that it isa
better eectrical conductor than duminum. In gpplications where high conductivity is of
paramount importance, gold is often the materid of choice. One of the atractive properties of
gold is that it is a fairly inert materid. This means that its surface does not readily oxidize in
amosphere, which hdps to maintain its conductivity in amaospheric goplications.

C. Copper

With the recent integration of copper into ICs, it will only be a matter of time before
copper becomes integrated into MEMS.  Since many designers hope to eventudly place
MEMS in system-on-a-chip devices, it is of paramount importance that low power systems,
that must therefore employ copper, can be developed. Copper has some unique properties that
make it worth the effort to integrate, as shown on the following page.
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Property Value

Density 8.89 g/nt’
Mdting Point 1083°C
Specific Heat 0.39 Jg-°C

Y oung’s modulus (bulk value) 115 GPa
Poisson’sratio 0.36

Ultimate tendle strength 220 MPa
Ultimate shear srength 150 MPa
Yield tendle srength 100 MPa
Therma conductivity 3.98 W/cm-°C
Coefficient of thermal expansion 16.6" 10°°C*
Resigtivity 1.72 10° W-cm

Table4-10: Propertiesof 99.99% copper.[46,101,111]

Copper isactudly adightly stronger materid than pure duminum. However, it is unlikey
to be usad as anything but a conductor in the near future due to the fact that it does not adhere
especidly well to slicon, which makes it likely to delaminate. The ability of copper to find a
niche in the MEMS community will largely hinge upon the srength of the adhesive bonds thet
can be formed. Copper is an excdlent thermd conductor, which will prove useful in many
applications.

The main reason that large investments have been made into the development of copper
inICsand MEMS isthat it has a higher conductivity than duminum and gold. This meansthat it
will dissipate lower amounts of heat and waste less power. Thus, there is a great incentive to
integrate copper into the MEMS indudtry in generd and in the space MEMS industry in

particular.

VIIIl. Polyimides

Polyimides are a class of organic films that have proven promisng as a possble
replacement for SO, as an insulaor in microgectronics. There are a number of different
commercidly available polyimide films used in the semiconductor industry and their properties
vay sgnificantly. The main reason for the investigation of polyimide films is that they offer a
new generation of low permittivity dielectrics, some of which have been reported to have a
permittivity of less than 28,. Since lower didectric congtant insulators disspate less power in
FETSs, these materids may begin to find ther way into the MEMS community. The materids
properties of a PMDA/BPDA/TFMOB polyimide film have been fairly well investigeted and are
offered below.
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Property Value'

Y oung's Modulus (in plane) 7.5 GPa

Y oung's Modulus (out of plane) 8.0-15.0 GPa
Shear Modulus 1.0-10.0 GPa
Poisson's Retiofin plane) 0.35
Poisson's Ratio (out of plane) 0.1-0.45
Didectric coefficient 2-4
Coefficient of therma expansion 6.0 10°C*

Table4-11: Propertiesof PMDA/BPDA/TFMOB polyimide.

Polyimides are a weak dlass of materids. Their main function in MEMS has been in
circuits and as a layer of chemicaly active sensor materids on membranes and cantilevers. As
such, polyimides are generdly not considered for structurd gpplications.

The main impetus for developing polyimides was that they could have alower didectric
condant than SO,, which could represent a mgor reduction in power consumption on
integrated circuits. Thus, much like copper, polyimides are likdy to find introduction into the
MEMS market through their inclusion in the consumer eectronics market. As good insulators,
polyimide films have amyriad of possible uses in the semiconductor industry.

IX.  Additional Reading

Michdle M. Gauthier, Engineering Materids Handbook ASM desk edition. Materids Park,
OH, November 1995.

K. Hjort, J. Soderkvist and J. -A. Schweitz, “Gallium Arsenide as a Mechanica Materid”
Journal of Micromechanics and Microengineering, Vol. 4, No. 1, 1994.

D. Bloor, R. J. Brook, M. C. Flemings and S. Mahgjan, eds. The Encyclopedia of Advanced
Maerids, Elsevier Science, Ltd., New York, 1994.

! These values will vary by manufacturer.
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